Introduction
During wound healing and tissue repair, fibroblasts acquire smooth muscle cell characteristics and differentiate into contractile myofibroblasts, which are key players in physiological and pathological tissue remodelling (Desmouliere et al., 2005; Hinz, 2007) . The first phenotypic transition into so-called protomyofibroblasts is characterised by neoformation of contractile β-cytoplasmic actin stress fibres and occurs in response to profibrotic cytokines and to altered properties of the extracellular matrix (ECM) (Tomasek et al., 2002) . In the presence of the transforming growth factor TGFβ1 in a mechanically restrained environment, these cells express α-smooth muscle actin (α-SMA) de novo, which significantly increases their contractile activity and is a hallmark of the differentiated myofibroblast (Hinz et al., 2001a; Hinz and Gabbiani, 2003b) . In a rat model of wound healing, protomyofibroblasts dominate the earlier phase of granulation tissue formation and ECM secretion, whereas differentiated myofibroblasts promote the later phase of wound contraction (Darby et al., 1990; Hinz et al., 2001b) . Tissue-derived fibroblasts cultured on rigid tissue surfaces spontaneously acquire the protomyofibroblast cytoskeletal organisation and will here be referred to as fibroblasts when not expressing α-SMA. Here, we compare these α-SMA-negative fibroblasts with differentiated myofibroblasts that express α-SMA.
Myofibroblast differentiation is accompanied by the formation of cell-cell adherens junctions that intercellularly couple contractile stress fibres (Hinz and Gabbiani, 2003a; Hinz et al., 2004; Pittet et al., 2008) . In the intracellular portion of adherens junctions, actin filament bundles associate with a protein complex that contains catenins and which mediates binding to the cytoplasmic tail of transmembrane cadherins (Gumbiner, 2005; Nagafuchi, 2001; Weis and Nelson, 2006; Wheelock and Johnson, 2003) . Notably, cadherin expression changes from N-cadherin (cadherin-2 or CADH2) in cultured fibroblasts and in protomyofibroblasts of early wound granulation tissue to OBcadherin (cadherin-11 or CAD11) expression in differentiated myofibroblasts in vivo and in vitro (Hinz et al., 2004 ). At the single molecule level, OB-cadherin promotes stronger adhesion than Ncadherin in living myofibroblasts (Pittet et al., 2008) and the high intracellular tension generated by α-SMA leads to development of larger and more stable adherens junctions (Hinz et al., 2004) . Moreover, inhibition of OB-cadherin but not of N-cadherin reduces collagen gel contraction by myofibroblasts, suggesting specific implication of OB-cadherin-type adherens junctions in transmitting contractile forces between myofibroblasts (Hinz et al., 2004) . In addition to mechanical adherens junctions, fibroblastic cells can communicate electrochemically via gap junctions. Gap junction formation was demonstrated at the ultrastructural level between wound granulation tissue myofibroblasts (Gabbiani et al., 1978) and has also been reported between dermal fibroblasts in vivo (Salomon et al., 1988 ) and in cultured fibroblasts from different origins (Gilula et al., 1972; Ko et al., 2000; Petridou and Masur, 1996) . Gap junctions allow intercellular passage of small molecules and ions, such as Ca 2+ , by forming channels composed of transmembrane connexins (Evans and Martin, 2002; Saez et al., 2003) . Connexin 43 (Cx43 or CXA1) appears to be the predominant connexin in fibroblastic cells. Cx43 has been implicated in coordinating fibroblast tension production in granulation tissue (Moyer et al., 2002) and in collagen gels (Ehrlich et al., 2000) suggesting that both electrochemical and mechanical Neoformation of intercellular adherens junctions accompanies the differentiation of fibroblasts into contractile myofibroblasts, a key event during development of fibrosis and in wound healing. We have previously shown that intercellular mechanical coupling of stress fibres via adherens junctions improves contraction of collagen gels by myofibroblasts. By assessing spontaneous intracellular Ca 2+ oscillations, we here test whether adherens junctions mechanically coordinate myofibroblast activities. Periodic Ca 2+ oscillations are synchronised between physically contacting myofibroblasts and become desynchronised upon dissociation of adherens junctions with function-blocking peptides. Similar uncoupling is obtained by inhibiting myofibroblast contraction using myosin inhibitors and by blocking mechanosensitive ion channels using Gd 3+ and GSMTx4. By contrast, gap junction uncouplers do not affect myofibroblast coordination. We propose the following model of mechanical coupling for myofibroblasts: individual cell contraction is transmitted via adherens junctions and leads to the opening of mechanosensitive ion channels in adjacent cells. The resulting Ca 2+ influx induces a contraction that can feed back on the first cell and/or stimulate other contacting cells. This mechanism could improve the remodelling of cell-dense tissue by coordinating the activity of myofibroblasts.
cell coupling improve tissue remodelling. However, it remains to be investigated how mechanical and electrochemical coupling can contribute to coordinating myofibroblast and fibroblast activities, respectively.
Here, we evaluated the role of electrochemical and mechanical cell-cell junctions in coordinating spontaneous and periodic transient increases in the intracellular Ca 2+ (Ca
2+
[i] ) concentration (oscillations). Periodic Ca
[i] oscillations have been described in different fibroblasts in response to various stimuli (Corps et al., 1989; Diliberto et al., 1994; Harootunian et al., 1991; Liang et al., 2003; Ridefelt et al., 1995; Uhlen et al., 2006; Wu et al., 2004) 
Results

Ca
2+ [i] oscillations are coordinated between contacting myofibroblasts
We compared rat subcutaneous fibroblasts in standard culture, wherẽ 90% of the cells are negative for the myofibroblast marker α-SMA, with fibroblasts that had been pretreated with TGFβ1 for 4 days, inducing myofibroblast differentiation in ~90% of the cells (Hinz et al., 2001a) . To elucidate whether both cell types exhibited spontaneous Ca
2+
[i] oscillations, we loaded myofibroblasts (Fig. 1A) and fibroblasts ( Fig. 1E ) with the Ca 2+ indicator Fura-2 and plotted changes in the fluorescence ratio over a recording time of 5-30 minutes (Fig. 1B,F) . By relating the percentage of oscillating cells to the total number of cells in all image fields, we found periodic Ca
[i] oscillations in 31±18% of all myofibroblasts (n cells =193, n exp =25) and in 29±16% of all fibroblasts (n cells =184, n exp =18); hence the probability for spontaneous Ca
[i] oscillations was similar in both cell types.
To then determine whether fibroblast-to-myofibroblast differentiation changes the period of Ca 2+ oscillations, we detected the principal peak of frequency in the power spectrum of all recorded fluorescence ratios (supplementary material Fig. S1A ). Statistical analysis of the obtained histograms (Fig. 1C,G) revealed shorter mean oscillation period in myofibroblasts of 57±26 seconds compared with 70±26 seconds in fibroblasts; this difference was significant (Table 1) . Separate analysis of contacting (Fig. 1D ,H, blue) and of isolated cells (Fig. 1D ,H, red) revealed no significant influence of physical cell-cell contact on the period distributions of both cell types (Table 1) . However, qualitative assessment of video sequences of oscillating cells in confluent culture indicated coordination of Ca 2+ [i] oscillations between contacting myofibroblasts that was less obvious between contacting fibroblasts (supplementary material Movie 1). This observation was corroborated by comparing the Ca 2+ fluorescence ratios over time. Physically contacting myofibroblasts exhibited synchronised Ca 2+ fluorescence ratio peaks (Fig. 1A ,B, cells 1-3), which were not observed in isolated myofibroblasts (Fig. 1A ,B, cell 4) or fibroblasts in general (Fig. 1E ,F, all cells).
Journal of Cell Science 121 (20) [i] oscillations were separately analysed for contacting cell (blue histogram fit, myofibroblasts, n=97; fibroblasts, n=83) and isolated cells (red histogram fit, myofibroblasts, n=96; fibroblasts, n=101). This revealed no influence of the physical cell contact on the mean oscillation period within each group (Table 1) . Scale bar: 50 μm.
To quantify the degree of cell-cell coordination, we compared cell pairs for the evolution of their oscillation periods over time (Fig. 2) . Using a completely automated analysis, the periods between all Ca
[i] peaks were: (1) determined for each cell over the whole observation time; (2) matched between both cells according to their position on the time scale ( Fig. 2A , first match connected with green line); and (3) displayed in a period scatter plot to illustrate the degree of correlation between the periods of both cells (Fig. 2B) . To represent two different experimental conditions in one scatter plot and to facilitate direct comparison, all the values for one condition were reported to one side of the diagonal (where the periods of both cells are equal) by plotting the longer period versus the shorter period (all points above the diagonal, as in Fig. 2B ) or vice versa (all points below the diagonal). The mean value of all data points of two compared cells was represented by the centre of an ellipse whose semi-major and semi-minor axes indicate standard deviation (s.d.) of the mean (Fig.  2B) . Small ellipses and data point clouds close to the diagonal indicate high coordination of Ca
[i] oscillations between two cells; uncoupled cells are characterised by large ellipses and data point clouds far from the diagonal. With our method we were able to detect cell-cell coordination when cells oscillated with variable periods over time but always coordinated, and when cells oscillated with the same period but with a shifted phase, in the extreme case leading to oscillations in antiphase (supplementary material Fig.  S1 ). Analysis of computationally simulated fluorescence profiles further demonstrated the potential of our method to detect different degrees of cell coupling (supplementary material Fig. S2 ).
With this method, we first analysed all possible non-contacting cell-pair combinations per experiment in control medium and plotted the data of all experiments in the period scatter plot above the diagonal (Fig. 3) . To account for similar and thus superimposing values, we used a colour-coded diagram in which red indicates the highest occurrence of a value and blue indicates lowest occurrence. Both non-contacting myofibroblasts (Fig. 3A) and fibroblasts (Fig. 3B ) displayed high variances in period comparison, meaning that data points were distributed far from the diagonal. This suggests that paracrine communication does not contribute to coordinating Ca
[i] oscillations activities in a given cell population. By contrast, comparing below the diagonal only periods between physically contacting cells (Fig. 3) , revealed lower variation and thus higher coordination of myofibroblasts (Fig. 3A ) compared with fibroblasts (Fig. 3B) . Two-tailed heteroscedastic Student's t-tests were performed with the deviations of period pairs from the diagonal (Fig. 3A yellow line) and with the relative deviations (Fig. 3A ,B, dotted line) (see Materials and Methods) . This analysis revealed statistically significant difference between contacting and non-contacting myofibroblasts. By contrast, the difference between contacting and non-contacting fibroblasts was not significant (Table 2) , despite the seemingly higher degree of scattering above the diagonal (all non-contacting cell pairs) (Fig.  3B ). This can be explained by the higher total number of data points obtained and displayed for non-contacting cell pairs (n=482) compared with contacting cell pairs (n=55) ( Table 2 ). Hence, spontaneous oscillations are coordinated between contacting myofibroblasts but occur more randomly between fibroblasts.
Fibroblasts and myofibroblasts communicate through different types of junctions
We have recently shown that fibroblast-to-myofibroblast transition is characterised by development of mechanically resistant adherens junctions (Hinz et al., 2004; Pittet et al., 2008) . However, [i] peaks) of cell pairs, here exemplified for two cells (cell 1, red; cell 2, blue). Fura-2 Em 340 /Em 380 fluorescence ratios (solid line) were band-pass filtered to eliminate noise (A, dashed lines) (supplementary material Fig. S1A, inset) . First, all peaks (symbols) were automatically detected in the filtered curves, and the periods were determined. Second, over the whole observation time (here 1200 seconds), a computer algorithm matched for every peak i of cell 1 the closest peak on the time scale of cell 2 (first match connected with green dashed line). (B) Third, the periods T1 i and T2 i following these matched peaks are displayed in a scatter plot to illustrate the degree of correlation between these two variables. In such diagrams, every data point represents the matched periods of two cells at a given time point (first matched periods indicated with dotted lines). All values are reported to one side of the diagonal (where T1 i equals T2 i ) by plotting the longer period versus the shorter period (all points above the diagonal as in B) or vice versa (all points below the diagonal). This allows representation of two different experimental conditions in one scatter plot to facilitate direct comparison. The mean of all points (T1 i , T2 i ) of two compared cells is represented by the centre of an ellipse of whose semi-major and semiminor axes indicate s.d. The smaller the ellipse and the closer it is located with respect to the diagonal, the better the two cells are coordinated. myofibroblast differentiation in vivo is accompanied by decreased expression of the gap junction protein Cx43 (Mori et al., 2006) . To investigate whether these different junction types contribute to the different degrees of intercellular Ca 2+ coordination in cultured fibroblasts and myofibroblasts, we assessed formation of adherens junctions and gap junctions in both cell types by western blotting (Fig. 4A ,B) and immunofluorescence (Fig. 4C,D) of the Triton-X-100-insoluble cytoskeleton fractions. Over 1-7 days of treatment with TGFβ1, fibroblasts increasingly expressed the myofibroblast marker α-SMA with maximum expression after 3 days, when they are considered to be myofibroblasts ( Fig. 4A-C) . Myofibroblasts show strong expression of β-catenin (Fig. 4A,B) , which is the hallmark of large adherens junctions (Fig. 4C ). By contrast, expression (Fig. 4A ,B) and junctional localisation (Fig. 4C ) of the gap junction marker Cx43 decreased by treatment with TGFβ1 ( Fig.  4A ) and was low in myofibroblasts ( Fig. 4A-C) . Inversely, fibroblasts exhibited strong staining and around three times higher expression of Cx43, and only punctuate staining and half the expression of β-catenin (Fig. 4A ,B,D) compared with myofibroblasts.
To test whether Cx43-positive gap junctions were functional, we loaded cells with Lucifer Yellow (Fig. 5A -B,C, green) and neurobiotin ( Fig [i] peaks in the Fura-2 Em 340 /Em 380 fluorescence ratios of myofibroblasts (A) and fibroblasts (B) were compared over time for every possible cell pair combination within one image field (myofibroblasts, n exp =25 and n cells =193; fibroblasts, n exp =18 and n cells =184). All matching period pairs (square data points) obtained from cells that are not in physical contact are plotted as longer period versus shorter period above the diagonal (non-contacting pairs in myofibroblasts, n=324 and in fibroblasts, n=482). Period pairs obtained from all physically contacting cells are plotted as shorter period versus longer period below the diagonal (contacting pairs in myofibroblasts, n=60 and in fibroblasts, n=55). The occurrence of identical period pairs is colour-coded and normalised to the total number of data points in each condition (scale in %). The deviation of a period pair (one example encircled), i.e. its orthogonal distance to the diagonal, is demonstrated with a yellow line in A. By dividing the deviation by the distance z of the intersection point between the orthogonal and the diagonal to the origin (red section of diagonal) the relative deviation can be obtained (see Materials and Methods). The mean relative deviation is the average of all relative deviations and is represented as a dotted line. [i] oscillation coupling between cell pairs. The mean of all period differences between cell pairs ΔT (ΔT = ͉T1 i -T2 i ͉) is reported in seconds ± s.d. Note that mean T values are generally small when cells are coupled and large when cell oscillations are not coordinated between cells. As a more stringent statistical criterion, means were calculated from the relative deviations [Rel. Dev. = ͉T1 i -T2 i ͉ / (T1 i +T2 i )]. Statistical differences of the mean T values and of the mean relative deviations are evaluated by calculating P-values, using a two-tailed heteroscedastic Student's t-test. n indicates the number of cell pairs per group. Mean T and mean relative deviations of Ca 2+ [i] oscillations are compared between physically contacting and non-contacting myofibroblasts (MF) and fibroblasts (F) in standard culture conditions (control). Ca 2+ [i] oscillations coordination between contacting myofibroblasts is significantly different from that of non-contacting myofibroblast pairs. In addition, mean T and mean relative deviations are compared between fibroblastic cells before and after addition of various drugs. Note that only inhibition of gap junctions has a significant influence on fibroblast coupling, whereas myofibroblasts are significantly uncoupled upon inhibition of adherens junctions, cell contraction and MS channels. n.s. = non significant; P>0.1. Fig. 5C -E, Lucifer Yellow: 6.9±1.7; neurobiotin: 10.3±1.5). This difference was similar using both small molecules despite the fact that neurobiotin diffused over ~1.4-times more cells than Lucifer Yellow (Fig. 5D,E) . Treatment with palmitoleic acid and carbenoxolone, two well-accepted blocking agents of gap junction communication (Evans et al., 2006) , strongly inhibited intercellular diffusion of small molecules in both cell types ( Fig.  5C-E) . These results show that myofibroblasts exhibit gap junction communication, which is however less prominent than that in fibroblasts.
2.3±1.0). Intercellular diffusion was around four times higher in fibroblasts (
To determine whether electrochemical communication contributes to the coordination of Ca 2+ [i] oscillations between myofibroblasts, gap junctions were again uncoupled using palmitoleic acid (Fig. 6 ) and carbenoxolone (data not shown). In this and the following experiments (Fig. 7) , we applied drugs during recording of Ca 2+ oscillations of cell pairs that were preselected for synchronous oscillations in control conditions. This was particularly necessary for fibroblasts among which synchronously oscillating cells in contact represent only a minority of the population (c.f. Fig.  3 ). Nevertheless, Ca
2+
[i] oscillations have been shown to be synchronised between fibroblasts that intrinsically oscillate with similar frequencies (Harks et al., 2003) .
The coupled oscillation periods of contacting myofibroblasts remained unaltered despite gap junction uncoupling (Fig. 6A ). The few contacting fibroblasts that were found to oscillate spontaneously in control conditions were desynchronised within 5 minutes after addition of palmitoleic acid (Fig. 6B , indicated by arrow length changes on top). To statistically evaluate the effect of palmitoleic acid on intercellular coordination, we summarised Ca 2+
[i] oscillation periods for every pair of contacting cells in all experiments in one scatter plot (Fig. 6C,D) . Data obtained in control conditions were displayed above the diagonal and period pairs obtained during palmitoleic acid treatment were plotted below the diagonal. All values obtained from one cell pair were represented by one distinct colour (Fig. 6C,D) and can thus be directly compared before and after drug treatment. Pairs of myofibroblasts exhibited coordinated oscillations and little variance before and after palmitoleic acid treatment and were thus largely independent from gap junction coupling (Fig. 6C) . By contrast, intercellular coordination of fibroblast Ca
[i] oscillations strongly depended on electrochemical communication via gap junctions (Fig. 6D) , indicated by significantly increased s.d. (larger ellipses), mean deviation and mean relative deviation (Table 2) after gap junction uncoupling.
Having shown that gap junction uncoupling has no effect on myofibroblast synchronisation, we elucidated the significance of mechanical intercellular coupling for myofibroblast communication. For this, we disassembled adherens junctions using a mix of peptides specifically directed against OB-cadherin and N-cadherin (Williams et al., 2000) , the major cadherin types expressed in these cells (Hinz et al., 2004) . We have previously shown that anti-N-cadherin and anti-OB-cadherin peptides efficiently inhibit formation of the respective cadherin junctions (Pittet et al., 2008) and disintegrate already existing adherens junctions in the same cell model (Hinz et al., 2004) . We added anti-cadherin peptides for 45 minutes and assessed period coordination as described for gap junction uncoupling experiments. As before, we displayed periods of contacting cells above the diagonal before drug application and below the diagonal after drug treatment (Fig. 7) . After inhibition of adherens junctions, previously coupled myofibroblasts lost their coordination as indicated by larger and more diagonal-distant ellipses ( Fig. 7A; supplementary material Fig. S3A) ; this effect was significant (Table 2) . By contrast, synchronised oscillations of preselected contacting fibroblasts remained coordinated and small ellipses remained close to the diagonal ( Fig. 7B; supplementary  material Fig. S3B ), demonstrating that the used drugs had no nonspecific effects. We conclude from these findings that mechanical coupling through adherens junctions plays a predominant role in coordinating myofibroblasts but not fibroblasts. Fig. S3C-F) . Inhibition of cell contraction using 2,3-butanedione monoxime (BDM) (Fig. 7C,D ; supplementary material Fig. S3C,D) , blebbistatin and Y27632 (data not shown) significantly desynchronised contacting myofibroblasts ( Fig. 7C ; supplementary material Fig. S3C ). The same drugs were almost without effect on the coordination of fibroblasts that have been preselected for synchronous oscillation ( Fig. 7D ; supplementary material Fig. S3D) (Sanderson et al., 1994) . By contrast, our postulated mechanical trigger of Ca 8B,E; supplementary material Movie 3); waves did not spread to cells grown on adjacent lines (Fig.  8B,E) . Notably, propagation of a Ca
Myofibroblast communication implicates MS channels and transmission of cell contraction
2+
[i] waves over intercellular junctions was slower in myofibroblasts ( Fig. 8B ) than in fibroblasts (Fig. 8E, indicated [i] waves propagated with a distinct intercellular delay that always occurred at the contact region between myofibroblasts (Fig. 8B) . In the kymograph image, each delay appeared as a clear step along the time axis (t), which was hardly detectable between fibroblasts (Fig. 8E) . Statistical analysis of such pausing events demonstrated that Ca 2+
[i] wave propagation had an average delay of 6.2±3.0 seconds between myofibroblasts (Fig. 8C) , which was three times shorter (2.7±1.6 seconds) between fibroblasts (Fig. 8F) [i] waves at intercellular junctions of myofibroblasts suggests a slower, potentially more complex mechanism of signal transmission compared with the faster signal propagation over several fibroblasts.
Discussion
During development of fibrosis and during wound healing, fibroblasts develop a contractile apparatus that shares similarities with smooth muscle, highlighted by neoexpression of α-SMA (Hinz, 2007) . Myofibroblast differentiation is further associated with the initiation and maturation of intercellular adherens junctions; the molecular composition of myofibroblast adherens junctions is beginning to be understood (Hinz et al., 2004) but their physiological function is still unknown. Here, we tested the hypothesis that adherens junctions coordinate the activity of contacting myofibroblasts. This coordination would gain importance during tissue remodelling when a high number of myofibroblasts contract the ECM at the same time.
Using spontaneous and periodic Ca 2+
[i] oscillations as an indicator, we show that adherens junctions but not gap junctions synchronise the activity of cultured myofibroblasts. Because this function requires a functional actin cytoskeleton, cell contraction and MS channels, we propose the following model of intercellular mechanical coupling (Fig. 9A) : the Ca 2+ -induced contraction of one myofibroblast is transmitted to the contacting cell at sites of adherens junctions (Fig. 9B ) and the resulting opening of MS channels leads to a Ca 2+ rise in the second cell. The following contractile event can feed back to the first cell to maintain strong coordination (Fig.  9C) (Gaudesius et al., 2003; Harks et al., 2003) . By contrast, Ca 2+ signal propagation speed in our fibroblasts is several orders of magnitude slower (~30 μm/second). This is consistent with the velocity of Ca short distances of several tens of micrometers (Sanderson et al., 1994 [i] wave transmission is delayed at the junction for ~6 seconds; the delay was three times shorter in fibroblasts. One possibility is that this delay in the intercellular Ca 2+ signal transmission between myofibroblasts is paracrine communication, which has been described for subepithelial fibroblasts that extracellularly release and respond to ATP after mechanical stimulation (Furuya et al., 2005) . We can here formally exclude the influence of secreted factors because myofibroblasts require physical contact for Ca 2+
[i] wave propagation, which is, in addition, not affected by application of fluid counterflow.
Another possible approach to assess the degree and type of intercellular coupling is to analyse Ca [i] oscillations with a frequency comparable with our observations (10-30 mHz), have been reported in fibroblastic cells only in response to various stimuli (Corps et al., 1989; Diliberto et al., 1994; Harootunian et al., 1991; Liang et al., 2003; Ridefelt et al., 1995; Uhlen et al., 2006; Wu et al., 2004) . Our experiments establish for the first time that both cultured fibroblasts and myofibroblasts exhibit spontaneous and highly periodic Ca 2+ [i] oscillations, which occur with higher frequency in myofibroblasts. The physiological relevance of this higher frequency is not clear, but it may be related to the higher contractile activity characteristic of differentiated myofibroblasts. This is supported by the observation that the frequency of cell shape oscillations in suspended fibroblasts increases with increasing actomyosin contractility (Salbreux et al., 2007) .
Our experiments demonstrated that gap junction uncoupling desynchronises Ca 2+ [i] oscillations between fibroblasts that have been pre-selected for coordinated oscillations (Fig. 6) . By contrast, intercellular coordination is poor when considering all contacting fibroblasts in a given population (Fig. 3) . This can be explained by previous findings that gap junction electrochemical coupling synchronises periodic Ca
2+
[i] oscillations between fibroblasts that intrinsically oscillate with similar frequencies, but not when frequencies are significantly different, as reported for normal rat kidney fibroblasts after stimulation with prostaglandin F2α (Harks et al., 2003) .
Unlike fibroblasts, contacting myofibroblasts exhibit significantly higher intercellular coordination that is not affected by gap junction uncoupling, suggesting a different and more effective coupling mechanism. Fibroblast-to-myofibroblast differentiation is characterised by reduced gap junction formation and communication in our culture conditions; in support of this, downregulation of Cx43 was recently shown to accelerate wound healing in vivo (Mori et al., 2006) . . All matched period pairs are reported above the diagonal before addition of the drug and below the diagonal after addition of the drug. The mean of all period pairs obtained from two contacting cells is represented by the centre of an ellipse of which semi-major and semi-minor axes indicate s.d.; each cell pair is represented by one colour. Note that ellipses become larger and more distant from the diagonal in myofibroblasts upon drug treatment, indicating uncoupling of Ca
[i] oscillations after inhibition of adherens junctions, of contraction and of MS channels.
Our data establish that myofibroblasts utilise a yet undiscovered mechanism of intercellular mechanical coupling via cadherins, which involves MS channels (Fig. 9) . Specific disassembly of cadherincontaining adherens junctions, as well as blocking MS channels, both uncouple intercellularly coordinated Ca [i] transients via MS channel opening (Zou et al., 2002) , as demonstrated for fibroblasts after mechanical stimulation through cell-matrix integrin receptors (Glogauer et al., 1995; Hu et al., 2003; Munevar et al., 2004) as well as after cell stretching with micropipettes and stretchable culture substrates (Arora et al., 1994; Furuya et al., 2005) . Similarly, mechanical stimulation with a blunt micropipette triggers a Ca
[i] wave in our myofibroblasts. Recently, MS channels were shown to associate with the actin cytoskeleton of endothelial cells at sites where stress fibres insert into cell adhesions (Hayakawa et al., 2008) . This focusing of the Ca 2+ entry to the adhesion sites can explain how a new Ca 2+ wave is triggered at the cell-cell junction site upon stress fibre contraction in our experiments. Moreover, using cadherin-coated beads and micromanipulated partner cells, McCulloch and co-workers have demonstrated that force applied via cadherin contacts triggers a Ca 2+ response in fibroblastic cells, leading to local actin reorganisation (Chan et al., 2004; Ko et al., 2001a; Ko et al., 2001b) . The authors proposed a model of cadherin-mediated mechanotransduction where actin-mediated reinforcement of adherens junctions represents a mechanoprotective response to high forces (Janmey and McCulloch, 2007; Ko and McCulloch, 2001 ).
We here add another physiological relevance to this model by proposing a Ca 2+ -dependent mechanical communication between coupled myofibroblasts in which contraction of one cell mechanically triggers a Ca
[i] transient in its cadherin-coupled neighbour (Fig. 9) . Consistently, inhibition of myofibroblast contraction abolishes intercellular synchronisation. To establish a mechanical feedback that can coordinate contacting cells, each single peak in the periodic Ca
[i] oscillations will evoke a contractile event (Fig. 9) . Although such subcellular contractions were not directly observed in our experiments, myofibroblasts contract wrinkling silicone substrates when treated with Ca 2+ ionophore and with contraction agonists that evoke Ca
transients (Wipff et al., 2007) . Moreover, high Ca
[i] concentration was shown to activate myosin light chain kinase via Ca 2+ /calmodulin, leading to short-lived contraction similar to that in smooth muscle (Ehrlich et al., 1991; Katoh et al., 2001; Levinson et al., 2004) . It is conceivable that contractions following Ca
[i] peaks in the oscillatory behaviour are locally restricted and too small to be detected with standard optical resolution. Indeed, stretches of below 1 μm, directly applied with a fibronectin-coated 10 μm bead to the membrane of endothelial cells, have been shown to elicit a Ca 2+ response in the whole cell (Hayakawa et al., 2008) . The corresponding force was estimated around 35 nN, which corresponds to the forces that are transmitted to single stress fibre attachment points, which can be either adherens junctions (Ganz et al., 2006) [i] wave propagation at cell junctions appear as clear steps along the time axis (t=40 seconds) in the case of myofibroblasts (B) but are hardly detectable between fibroblasts (E). All time delays at cell junctions were measured on kymograph images and summarised in histograms for myofibroblasts (C, n exp =17, n pairs =34) and for fibroblasts (F, n exp =24, n pairs =55).
al., 2006). Moreover, culture on rigid substrates may damp visible overall cell contraction that is yet directly transmitted via adherens junctions between cells. Concomitantly, rhythmic contractions of 3T3 fibroblasts were shown to correlate with intrinsic periodic Ca 2+
[i] oscillations under conditions of reduced substrate adhesion such as during spreading or in suspension (Pletjushkina et al., 2001; Salbreux et al., 2007) .
How can periodic Ca
[i] oscillations contribute to tissue remodelling by myofibroblasts? At the tissue level, the development of persisting contractures by myofibroblast activity is a slow process that can last over several months or even years (Tomasek et al., 2002) . We propose that periodic Ca [i] oscillations at the cell level are associated with periodic microcontractile events that add up to overall tissue contraction. This implies a lock-step mechanism in which the locally contracted ECM is stabilised by addition of new ECM material. During the following relaxation and respreading of the cell, the ECM will remain shortened and many of these cycles will lead to incremental tissue contracture (Tomasek et al., 2002) . This local mechanism is not captured by investigating tension development of myofibroblast-populated tissue strips and collagen gels in response to drug stimulation, which rather assesses the contractile force that is maximally developed by the whole cell population at one instant (Emmert et al., 2004; Hinz et al., 2001b; Kolodney et al., 1999; Nobe et al., 2003; Parizi et al., 2000; Tomasek et al., 2006) . In addition, Ca
[i] oscillation-associated microcontractions may contribute to coordinating the activity of adjacent myofibroblasts that 'compete' for the same ECM during the remodelling process. We suggest that particularly strong adherens junctions mechanically couple the α-SMA-positive stress fibres of myofibroblasts to coordinate tension distribution within tissue under mechanical challenge, to propagate intracellular contraction signals and to synchronise myofibroblast contractile activity, therefore improving overall connective tissue remodelling.
Materials and Methods
Cell culture
Primary rat subcutaneous fibroblasts were obtained from explants and cultured up to passage seven in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Basel, Switzerland) , supplemented with 10% fetal calf serum (FCS) (BioConcept, Allschwil, Switzerland), 20 mM L-glutamine, and 1000 U/ml penicillin/streptomycin (Invitrogen). To induce myofibroblast differentiation, cells were treated for 4 days with 2 ng/ml TGFβ1 (Sigma, Buchs, Switzerland). For live videomicroscopy, cells were grown on home-made observation chambers with a glass coverslip bottom (#0) (Karl Hecht Assistent, Altnau, Switzerland), which were coated with 10 μg/ml collagen type I (Sigma), if not stated otherwise. In all experiments, fibroblasts were seeded at 4000 cells/cm 2 and cultured for 4 days.
Calcium imaging and image analysis
Cells in observation chambers were incubated for 1 hour at 37°C with 10 μM Fura-2 AM (Molecular Probes, Eugene, OR) in F-12 medium (Invitrogen) containing 10% FCS, 20 mM HEPES and 0.25% pluronic acid and subsequently washed for 30 minutes with F-12 containing 20 mM HEPES and 10% FCS. Ca 2+ dynamics were observed using an inverted microscope (Axiovert S100TV, Carl Zeiss, Feldbach, Switzerland), equipped with a polychromatic Xenon light source (Polychrome IV, TILL Photonics, Ascheberg, Germany), high numerical aperture objectives (Fluar 10ϫ, NA 0.5 and 20ϫ, NA 0.75) (Carl Zeiss) and a charge-coupled device camera (C4742-95 Hamamatsu, Bucher Biotech, Basel, Switzerland). Samples were alternately excited at 340 nm and at 380 nm for 200 milliseconds; pairs of frames were recorded every 0.5-5 seconds using Openlab 3.0.6 software (Bucher Biotech). Increase in Ca 2+ [i] leads to an increase in the emitted fluorescence at 510 nm after 340 nm excitation (Em 340 ) and decreasing emission after 380 nm excitation (Em 380 ). Changes in Ca
levels over time were expressed in arbitrary units as Ca
2+
[i] fluorescence ratio=Em 340 /Em 380 , calculated over regions of interest that included the entire cell (Metamorph, Universal Imaging, West Chester, PA).
Quantification of cell-cell coordination
Analysis of Ca
2+
[i] oscillation coordination between cell pairs was performed with a completely automated computer algorithm, developed with Matlab 7.0 software (MathWorks, Natick, MA). First, the Ca 2+ fluorescence ratios of two cells were plotted over time ( Fig. 2A, continuous lines) and filtered with a frequency band pass (supplementary material Fig. S1A , inset) to eliminate noise ( Fig. 2A, dashed lines) . Second, the temporal position of every peak was determined by automatically localising the maxima of the filtered curves ( Fig. 2A, filled symbols) , and the periods were defined as the time intervals between two consecutive peaks. Third, for every peak i of cell 1 (Fig. 2A, red) , the closest peak on the time scale of cell 2 ( Fig. 2A , blue) was determined ( Fig. 2A , dotted green line for first match). The corresponding periods T1 i and T2 i were then displayed in a period scatter plot (Fig. 2B , dotted lines indicate first match). The average of all points (T1 i , T2 i ) was represented by the centre of an ellipse whose semi-major and semi-minor axes indicate s.d. of the mean (Fig.  2C) . In such graphs, small ellipses and data point clouds close to the diagonal indicate high coordination of Ca 
Statistical analysis
Mean values are presented ± s.d. and tested by a two-tailed heteroscedastic Student's t-test. Differences were considered to be statistically significant when P≤0.05. 'Deviation' in period scatter plots is defined as the orthogonal distance (Fig. 3A , yellow line) between each data point (T1 i , T2 i ) and the diagonal of the graph (period I=period II), i.e. deviation = ͉T1 i -T2 i ͉ / ͱ2. 'Relative deviation' is the deviation divided by the distance z of the intersection point between the orthogonal and the diagonal, to the origin (0, 0) (Fig. 3A , red section of diagonal), with z = (T1 i +T2 i ) / ͱ2, i.e. relative deviation = ͉T1 i -T2 i ͉ / (T1 i +T2 i ). The larger the periods are, the greater is the deviation; hence the relative deviation accounts for this fact. 'Mean relative deviation' is the average of all relative deviations within one population (e.g. all contacting fibroblasts) and is used to characterise the degree of coordination of cell pairs within one population.
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Cell stimulation and contraction analysis
The following drugs and agents were applied either to the experimental medium or locally in the vicinity of cells with the use of micropipettes and a micromanipulator (Leica, Heidelberg, Germany): BDM (1 mM), calcium ionophore A23187 (1 μM), carbenoxolone (100 μM), endothelin-1 (0.1 μM), Gd 3+ (300 μM), palmitoleic acid (50 μM) (all Sigma), GSMTx4 (Peptides International, Louisville, KY) (5 μM), anti-N-cadherin (ADH126) (0.5 mg/ml), anti-OB-cadherin (ADH113) (0.5 mg/ml) (both Adherex Technologies, Research Triangle Park, Durham, NC), Y27632 (Calbiochem, San Diego, CA) (10 μM), angiotensin-II (Bachem, Bubendorf, Switzerland) (10 μM). To avoid diffusion of locally applied drugs or cell-secreted soluble factors, we performed selected experiments in a home-made open flow chamber with glass coverslip bottom. Flow (1 ml/minute) was created with a syringe pump (SP 210 IW, World Precision Instruments, Stevenage, UK); this slow flow rate did not stimulate cells mechanically and did not alter spontaneous Ca
2+
[i] oscillations. Wrinkling silicone substrates to visualise cell contraction were prepared as described previously and surfaces were rendered adhesive for cell attachment by coating with collagen type I (10 μg/ml, Sigma) (Hinz et al., 2001a) .
Microcontact printing and kymograph analysis
To facilitate observation of Ca 2+ [i] wave propagation between fibroblasts and between myofibroblasts, cells were grown along straight lines of 50 μm width, created by a microcontact printing technique described previously (Goffin et al., 2006) . Briefly, optical lithography was used to etch the topography of interest on a silicon wafer, serving as a mould to produce silicone stamps (Dow Corning, Wiesbaden, Germany). Stamps were cleaned with ethanol, treated for 30 seconds with plasma oxygen (Plasmaline, Tegal Corporation, Petaluma, CA) and incubated for 1 hour with comb polymer (a kind gift from A. Chilkoti, Duke University, Durham, NC) (Hyun and Chilkoti, 2001 ) (10 mg/ml in 50% ethanol). Conformal contact was made for 1 minute with the glass coverslip surface of observation chambers to transfer the protein-and cell-repellent polymer. Printed substrates were dried at 60°C overnight, immersed for 2 hours in water and then incubated with collagen type I (10 μg/ml) (Sigma). Fibroblasts adhered only between the comb-polymer-printed regions and were grown in line for 4 days with and without TGFβ1. Kymograph analysis (Hinz et al., 1999) was used to quantify the propagation speed of Ca
2+
[i] waves between cells. Briefly, Em 340 fluorescence values were recorded every second along a 10-pixel (5 μm)-wide line laid over several connecting cells and assembled as location (x) over time (t) in a kymograph image (Fig. 8) .
Immunofluorescence, microscopy, antibodies and western blotting
To compare association of cell contact proteins with the cytoskeleton between both cell types, Triton-X-100-insoluble cytoskeletal protein fractions were obtained from cultured fibroblastic cells (Hinz et al., 2003) . For immunofluorescence, cells were then fixed 10 minutes with 3% paraformaldehyde in PBS. As primary antibodies, we applied: anti-α-SMA (mouse IgG2a, SM-1, a kind gift from G. Gabbiani, University of Geneva, Switzerland) (Skalli et al., 1986) , anti-β-catenin (rabbit, Zymed, Stehelin, Basel, Switzerland), anti-Cx43 (mouse IgG1, BD Biosciences, Allschwill, Switzerland) and anti-pan-cadherin (rabbit, Zymed). As secondary antibodies we applied: anti-mouse Alexa Fluor 568 and IgG2a Alexa Fluor 647, anti-rabbit Alexa Fluor 488 and Alexa Fluor 568 (all Molecular Probes), anti-mouse IgG2a-FITC, IgG1-TRITC and IgG1-FITC (all Southern Biotechnology, Birmingham, AL). Alexa Fluor 350-Phalloidin (Molecular Probes) was used to visualise F-actin and nuclei were stained with DAPI (Fluka, Buchs, Switzerland). Images were acquired using an oilimmersion objective 40ϫ, NA 1.25 (Leica), mounted on an inverted confocal microscope (DM RXA2, with a laser-scanning confocal head TCS SP2 AOBS, Leica) and figures were assembled with Adobe Photoshop. Western blotting of Triton-X-100-insoluble cytoskeletal protein fractions was performed with the same primary antibodies, detected with HRP-conjugated secondary antibodies goat anti-mouse IgG and goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories); equilibrated loading was tested by probing vimentin expression (clone V9, DAKO).
Cell loading with LY and neurobiotin
To quantify intercellular coupling via gap junctions, confluent cell monolayers were washed with Hank's buffered salt solution (HBSS) (Invitrogen) and then immersed with LY (Molecular Probes) (20 mg/ml) and neurobiotin (Vectorlabs, Burlingame, CA). The monolayer was then wounded with a cutter; for 5 minutes, wounded cells were allowed to absorb and to intercellularly transmit LY and neurobiotin, which are sufficiently small enough to propagate through gap junctions. Propagation was quantified by counting the number of cell layers that received small molecules from the wounded cells by intercellular diffusion. In another series of experiments, LY was injected into individual monolayer cells with a transjector (transjector 5246, Eppendorf, Schönenbuch, Switzerland) using micropipettes, produced from borosilicate glass capillaries (1.0 mm OD, 0.78 mm ID) (Harvard Apparatus, Les Ulis, France) with a micropipette puller (P-97 Brown-Flaming, Sutter Instrument Company, Novato, CA). Cells were then washed in HBSS, fixed for 10 minutes in 3% paraformaldehyde and stained for nuclei as described above. Neurobiotin was detected with Extravidin-TRITC (Sigma).
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